Abstract. An efficient and convenient method that effectively quantify the endocrine disrupting effect of chemicals by using secondary sexual characteristics (SSCs) of the S-rR strain medaka (Oryzias latipes) was developed and demonstrated in this study. Gonad somatic index (GSI) and gonadal morphology are the main gross morphological characters in fish used to detect the effects of endocrine disrupters; however, their low sensitivity has been identified as their weakness. The method we proposed in the present study involved counting the number of nodes in the second-last ray of the anal fin, could be an efficient and convenient alternative method to OECD guidelines that require counting all number of papillary processes and joint plates with the papillary processes on every ray of the anal fin. The S-rR strain medaka was exposed to 17β-estradiol at three different concentrations (16, 32, or 64 ng･l -1 ) for three consecutive generations. Exposure was initiated on fertilized eggs and performed approximately for 70 days for each generation. At the termination of exposure, three characters: number of nodes in the second-last ray, maximum number of papillary processes on a ray, and number of rays with papillary processes, were observed. The results showed that the number of nodes represents a viable quantitative indicator for assessing endocrine disrupting chemicals (EDCs). Furthermore, it was confirmed that the node count method was an efficient and convenient alternative method to OECD guidelines that allows better understanding of the biological significance of the SSCs of medaka.
Introduction
Public concern about chemicals with potential endocrine disrupting capabilities called endocrine disrupting chemicals (EDCs) has been substantial [1] . The Organisation for Economic Co-operation and Development (OECD) has proposed series of testing methods to detect endocrine disruptive effects and has made considerable progress on developing verification guidelines, especially in fish [2, 3, 4, 5] . These methods employ various test endpoints and three of them: (i) morphological observations including gonad somatic index (GSI) and secondary sexual characteristics (SSCs), (ii) vitellogenin induction, and (iii) gonadal histology, have been proposed to be "core endpoints" by the OECD [6] . From a biological perspective, the three core measures are incapable of revealing the whole mechanism of endocrine disruption, but each of them has the ability of serving as a relevant endpoint to detect endocrine disruptors. Among morphological observations, GSI has been highly valued because it is a measure commonly shared in different species and can be used for cross-species comparisons. However, GSI has some weaknesses including the low sensitivity at an early stage of sex reversal and the receptiveness to the indirect influence of the opposite sex. In contrast, few of the SSCs are common in different species, making them unsuitable for species comparisons. However, the characteristics peculiar to a specific fish group are highly sensitive and, therefore, can be used to perform a quality assessment for endocrine disrupting effects [7] . In the case of medaka, there are multiple SSCs that distinctively differ in males and females, and fins (mainly dorsal, anal, and pelvic fins) provide a good example. An extensive number of SSCs in the medaka have been demonstrated in previous studies and those included scales [8] , body length [8] , nuptial coloration [9, 10] , body shape [11] , teeth [12, 13, 14] , dorsal fin [14] , anal fin [14] , caudal fin [15] , pelvic fin [14] , pectoral fin [8] , urinogenital papillae [16] , liver [17] , and leucophores between the dorsal side of the snout and orbit [10] . Among them, dorsal and anal fin morphologies have always been the main characters used for the indication of sex change effects, and, especially, the formation of papillary processes on the anal fin has been frequently utilized as a typical SSC in male medaka [9, 18, 19, 20] . Although we have proposed to count the number of nodes in the second-last ray of the anal fin to Japan society [21] , we noticed that OECD guidelines [2, 3, 4, 5] remain to propose to count all number of papillary processes and joint plates with the papillary processes on every ray of the anal fin. This does require enormous time and effort. As a potential alternative method to OECD guidelines, in the present study, we propose to select the number of nodes in the second-last ray of the anal fin as a countable characteristic to identify sex reversal effects in medaka and the obtained results from three consecutive generations test of medaka exposed to 17β-estradiol suggesting that our proposed approach is an effective and convenient method for quantifying the endocrine disrupting effect of chemicals.
Material and Methods

Test Organism
The medaka (Oryzias latipes) S-rR strain was employed in this study. The presence of xanthophores is genetically limited to male fish in the S-rR strain medaka, and the male is orange-red in color while the female is white. Because the genotypic sex of the S-rR strain medaka is easily distinguishable by the body color, we strongly recommend employing this strain of medaka as the test organism for the studies on effects of EDCs [22] . The fertilized eggs of the S-rR strain obtained from a > 19th generation specimen was used for the present study.
Test Chemical and Test Materials
17β-estradiol (analytical grade E2, > 99 % purity, Wako Pure Chemical Industries Inc.) was used as the test chemical for this study. 17β-estradiol was dissolved in N, N-dimethylformamide (DMF, Nacalai Tesque, Inc).
Exposure Method
The experiment was designed so that medaka were exposed to solution containing 16, 32 or 64 ng of 17β-estradiol and 100 μL of DMF per litre by use of a flow through system for three consecutive generations. Exposure for each generation was started with the freshly fertilized egg stage and continued through the mature adult stage, which was about 70 days post hatch. However, due to the feminization that occurred in the first generation, descendants were not obtained for the second and third generations in 32 and 64 ng･l -1 17β-estradiol. Two control groups were reared in tap water alone (control) and dechlorinated tap water with 100 μL･l -1 DMF (solvent control), respectively. Water temperature and actual concentrations of the test chemicals, together with pH and dissolved oxygen (DO) concentrations, were measured at 10-day intervals.
Observation Method of SSCs
To observe sex differences of SSCs in medaka, the following three characters on the anal fin were selected: number of nodes in the second-last ray, maximum number of papillary processes on a ray, and number of rays with papillary processes (Figure 1 ). The medaka were fixed in 10 % buffered formalin at room temperature for one day or longer, then, sexed based on body color and observed under a dissecting microscope. To ensure accuracy, each character was counted at least twice. For female medaka with branched rays in the anal fin, a branch with fewer nodes was selected for counting. For the maximum number of papillary processes on a ray in a male medaka, a single ray that appeared to possess the most papillary processes was identified on the entire anal fin. The papillary processes on the ray as well as rays on each side (front and behind of the identified ray) were counted and the largest number of the three was recorded. 
Statistical Analysis
Statistical analyses were performed with PASW STATISTICS BASE 18. We performed a prior difference analysis between the water-control and the solvent-control by using either a nonparametric test or one-way ANOVA test. If no differences were found, these two groups were pooled for the subsequent analyses; otherwise, the control group without solvent was excluded from subsequent analyses. For ANOVA, an exploratory data analysis was performed to examine the assumption of normality in each group as well as the assumption of equality of variance across groups. If both of the assumptions were met, one-way ANOVA was performed, followed by Bonferroni's and Dunnett's multiple comparison tests. If only one of the two assumptions was met, nonparametric testing was performed by the Kruskal-Wallis H test followed by the Mann-Whitney test. Differences was considered to be significant at p ≤ 0.05.
Results
During the long test period covering three consecutive generations of exposure, 17β-estradiol concentrations in the test chambers were maintained at 66 to 119 % of their nominal concentrations. Water conditions including DO concentration, pH, and water temperature for each test chamber were checked on a weekly basis. Good experimental conditions were maintained throughout the exposure period: the DO concentration was above 5 mg ･ l -1 , which was about 60 % of its saturation concentration (8-11 mg･l -1 at 25oC), and the pH and water temperature ranged from 7.5 to 8.1 and 24.8 to 25.8 oC(25 ± 1 oC), respectively. Variations for each value were not substantial. Table 1 summarizes the average total length and data for SSCs (number of nodes in the second-last ray of anal fin, maximum number of papillary processes, and number of rays with papillary processes) of medaka tested in this study. Since no differences (either of the p value is > 0.05) between the water-control and the solvent-control for the three SSCs were found, both water and solvent controls were combined as a pooled control for the subsequent analyses. Relations between the total length and the three SSCs of fish treated under control settings (water-control and solvent-control) are shown in Figures 2-4 . The medaka in the pooled control exhibited an average total length of 33.5 mm in males and 34.5 mm in females with an average ± SD of 20.0 ± 2.0 in males and 10.4 ± 1.1 in females for the number of nodes in the second-last ray of anal fin (Figure 2 ). The number of nodes in males was almost double compared with that of the females. The maximum number of papillary processes on a ray occurred on the third-, forth-, and fifth-last rays and the value for males was 19.3 ± 2.3 and 0 for females (Figure 3 ). The number of rays with papillary processes was found to be 7.7 ± 1.4 for males and 0 for females (Figure 4) . Although the correlation between each SSC and the total length was not significant, the SSCs between the male and female were clearly identifiable, which indicated that the endpoints of the SSCs are effective endpoints for differentiating the sex of medaka. As shown in Figure 2 -4, all tested SSCs including number of nodes in the second-last ray of the anal fin, maximum number of papillary processes, and number of rays with papillary processes, tended to increase as the fish grew. To eliminate the influence due to the individual differences, we divided the values obtained for SSCs by the total length and got indices as following: number of nodes/total length 0.59 ± 0.06 for males and 0.31 ± 0.03 for females ( Figure 5) ; maximum number of papillary processes/total length 0.57 ± 0.06 for males and 0 for females ( Figure 6 ); and number of rays with papillary processes/total length 0.23 ± 0.04 for males and 0 for females ( Figure 7) . Beside that all indices of the water-control fish were almost the same values as those of the solvent-control fish ( Figure 5-7) . In contrast, males exposed to 17β-estradiol showed a decrease of their indices in relation to increasing 17β-estradiol concentrations ( Figure 5-7) . For 17β-estradiol concentrations of 16, 32, and 64 ng･l -1 , indices for the number of nodes/total length in males were 0.44 ± 0.09, 0.35 ± 0.06, and 0.31 ± 0.03, respectively, and a significant difference (p<0.001) was detected ( Figure 5 ). In addition, indices for the maximum number of papillary processes/total length were 0.16, 0.02, and 0.00 for 16, 32, and 64 ng･l -1 17β-estradiol ( Figure 6 ), and the numbers of rays with papillary processes/total length were 0.28, 0.03, and 0.00 (Figure 7) . At the highest concentration of 17β-estradiol, two male indices dropped down to 0, which was the same value as those of the females. In females, those indices remained unchanged. The male fish tested in this study displayed considerable individual differences in the number of rays with papillary processes and, except for the 17β-estradiol concentration of 64 ng･l -1 , there were overlaps between different exposure settings. The number of anal fin rays varied from 3 to 11 (water-control), 5 to 11 (solvent-control), 0 to 9 (16 ng･l -1 ) and 0 to 7 (32 ng･l -1 ). The males exposed to 64 ng･l -1 17β-estradiol showed no rays with papillary processes.
Discussion
OECD Guidelines [2, 3, 4, 5] adopted the SSCs in male fish such as the number of papillary processes of the medaka and the number of nuptial tubercles of the fathead minnow as the responsive endpoints to EDCs. As summarization in Table 2 , counting the number of papillary processes and joint plates with papillary processes of all rays in the anal fin is the common endpoint of observed in the Guidelines. In this study, the three SSCs, i.e. 1) number of nodes in the second-last ray of the anal fin, 2) maximum number of papillary processes on a ray, and 3) number of rays with papillary processes, were identified to possess sex differences with statistical significance. They were also identified to provide consistent data in the fish groups of control settings as well as to react sensitively to a female hormone. Among those three indices, the number of nodes in the anal fin and dorsal fin is a character indicating SSC, which is common in the genus Oryzias (medaka) [23, 24, 25, 26, 27] . Considering the observed procedure described in Annex 5B of OECD Guideline 230 [2] and Annex 8 of OECD Guideline 240 [5] , we propose that the number of nodes in the second-last ray of the anal fin is a convenient and viable alternative method for quantifying EDCs from the following reasons: a) Node is a distinctive countable characteristic that make an objective and accurate count possible, b) The number of nodes produces stable count data as papillary processes do and its sensitivity is equivalent to that of papillary processes, c) Significant savings in time and effort as compared to counting the papillary processes and the joint plate with papillary processes of every ray in anal fin, and
d) The effects of endocrine disruption on the medaka can be evaluated in alive over time; therefore, a long-term follow-up investigation is possible.
There is, however, one weakness to be pointed out is e) Branched rays are a useful female indicator, but each branch may have different numbers of nodes.
With respect to a), total length, nuptial coloration, urogenital papillae, size of dorsal and anal fins are great characters for observing sex differences, however the objectivity in the measurement of the endpoints is expected to be weaker than that of counting the number of nodes on the second-last ray. The OECD [2, 3, 4, 5] recommends morphological observations consisting of both GSI and SSCs; however, as pointed out by Lin et al. [22] , testis weight temporarily decreases when minor sex changes occur. Thus, selecting GSI as an indicator for the induction of sex reversal may result in inaccurate test results.
Hagino et al. [20] reported that maximum dorsal fin length/total length and cleft depth (between the last and second-last rays in dorsal fin/maximum dorsal fin length), maximum anal fin length/total length, and the second-last anal fin ray length/total length were relevant indices. However, all these measures were uncountable characteristics, and since the possibility of performing correction measures to the curves on rays was considered, we thought that the number of nodes in the anal fin, which requires no such corrections, was a more objective and better character to quantitatively evaluate the induction of sex reversal.
The success of the node count technique depends on how the data are obtained and organized. Tuneyoshi [18] attempted to investigate hormone effects using SSCs by thoroughly counting the number of nodes in every ray of the anal fin. He failed to obtain justifiable results because he organized the data by calculating the average number of nodes, starting with the first ray and moving forward to the second and third and so on. His problem resulted from the fact that the total number of anal fin rays could vary in individual fish with a range of 16 to 21 [15] . In fact, medaka from Kagoshima prefecture also used by [18] had rays ranging from 17 to 19. If the node count was performed backward, the test could have produced favorable results. Depending on how the node data are obtained and organized, test outcomes can largely differ.
Okada and Yamashita [9] observed not only the node number in each ray of the anal fin but also the ray shape to study the effects caused by gonad excision and transplant as well as by doses of sex hormones. Okada and Yamashita [9] and Tuneyoshi [18] have provided fundamental research materials on nodes in the anal fin, but our study suggests that counting the nodes in the second-last ray of the anal fin is a more practical approach to the evaluation of hormone effects.
With respect to b), at all three 17β-estradiol concentrations, the number of nodes displayed very similar sensitivities to two other measures (maximum number of papillary processes and number of rays with papillary processes). In addition, the coefficient of variation (standard deviation/average×100 shown as CV in Table 1 ) of the node count method were identified to be the smallest measure among the other three.
With respect to c), while the node count method only required the observation of the second-last ray, additional rays (the second-, third-and forth-last rays) needed to be observed to obtain the maximum number of papillary processes on a ray. However, counting the number of rays with papillary processes has the disadvantage of being inconsistent in individual male fish. In the past, researchers have used different observation techniques for papillary processes. Tsuneyoshi [18] investigated only their presence, while others counted all the papillary processes on every ray [19] . In addition, the OECD guidelines [2, 3, 4, 5] recommend to count all number of papillary processes and joint plates with the papillary processes on every ray of the anal fin. More accurate evaluation is anticipated with the latter approach such as OECD recommended; however, it is apparently that the amount of the effort and the time required is tremendous than our present method. Furthermore, even though papillary processes are a countable characteristic, inferior development, especially on the end parts of the fish body, can occur in both 17β-estradiol-affected and non-affected fish. It should be noted that criteria based on how such inferior development is handled affect the values.
With respect to d), we did not conduct a related experiment in this study. However, nodes provide a gross morphology that can be observed in a relatively short time under low magnification, therefore, their changes in response to fish growth and exposure time can be easily observed in alive under a dissecting microscope. For magnified observations, fish were either covered at the front half of the body with gauze or anesthetized, and then placed on a slide glass.
With respect to e), this weakness can be easily overcome by making the count criteria for the nodes in branched rays clear. Once a study establishes whether a larger or a smaller node number is adopted, there wouldn't be any problem. In our study, we counted rays with a smaller node number.
In summary, we concluded that counting the number of nodes in the second-last ray of the anal fin, briefly called the node count method, is an efficient and convenient alternative method to OECD guidelines [2, 3, 4, 5] . This viable approach enables researchers to accurately and efficiently evaluate SSCs in medaka. Combined with a quantitative technique for detecting testis-ova in male medaka (the fragmented testis method) developed by Lin et al. [22] , the node count method would contribute to further researches on the effects of EDCs. 
